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Life on a different plane
Arabidopsis ton mutant cells do not make the bands of microtubules that
normally predict cell-division planes; the planes are irregular, yet seedlings
develop to maturity. Is cellular morphogenesis important for plant form?
The very regularity with which individual cells are organ-
ized within sections of plants might lure you into thinking
that the processes responsible for the shape of the indivi-
dual cells add up to something greater - the shape of the
organism as a whole. This is the idea of cells as building
blocks: that cells build the plant, not vice versa. The basic
cellular ground pattern of the plant is certainly mapped
out according to the directions in which cells divide and
expand: longitudinal growth of the root-shoot axis is
initiated in the meristems by transverse divisions followed
by massive directional expansion of the division products
along this axis; and radial development depends on the
division of meristematic cells parallel to the growth axis,
generating concentric rings of cell files which differentiate
into the major tissue types. Over a hundred years ago,
observations on tissue organization were crystallized into
rules governing division-plane alignment, but can such
rules - and the cellular mechanisms on which they are
based - predict anything higher than the local packing
order of cells? In recent years, genetic studies in Arabidopsis
have begun to ask whether the empirically derived cellular
rules really do provide the foundation for organismal form.
(No) division in the ranks
Mutations in the FASS gene of Arabidopsis (the name
comes from the German for barrel) produce embryos and
seedlings whose cells fail to elongate properly and do not
have oriented division planes [1]. Cells are disorganized
and irregularly enlarged, and a consequence of the ran-
dom division planes is that the fass mutant seedlings do
not have in transverse section the regular concentric rings
of cell files seen in the wild type (Fig. 1). This results in
short, squat, misshapen seedlings with a compressed
apical-basal axis and broken vascular strands. Yet despite
these gross cellular irregularities, the seedlings do have
cotyledons (of variable number) and develop floral
organs. Torres-Ruiz andJurgens [1] therefore drew a dis-
tinction between the cellular processes of oriented cell
division and cell-shape change, which they describe as
"morphogenesis", and processes involved in polarity,
which allow organs to arise more or less correctly on the
apical-basal axis ("pattern formation"). Scheres et al. [2]
have confirmed that mutations in the FASS gene result in
misoriented cell divisions at all stages of development,
yielding supernumary cells and cell layers.
Fig. 1. Compared with the regu-
lar concentric rings of different
cell types in the wild-type stem(a), abnormal division planes in
the ton mutant (b) produce a
thicker axis containing super-
numary layers of cells. The
micrographs show transverse
sections taken at the junction
between root, and hypocotyl
and are at the same magnifica-
tion in (a) and (b).
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Morphogenesis over a barrel
Recently, Traas et al. [3] described Arabidopsis mutants of
two complementation groups, ton 1 and ton 2, one of
which is probably identical tofass. The actual relationship
to fass awaits complementation tests, but the name, ton,
(from tonneau, French for barrel) describes the same
phenotype, based on a similar failure to align division
planes and to develop an elongated cell shape. The signif-
icance of this paper is that the authors have connected
the mutant phenotype with abnormalities of the
cytoskeleton [3]. Before this study, it was only a fair guess
that something might be amiss with the preprophase
band of microtubules, the cortical ring of microtubules
which foretells the cell division plane during G2 phase of
the cell cycle. The real importance of the preprophase
band may be during cytokinesis, when it probably guides
the centrifugally expanding cell plate out to a prepared
site on the mother cell wall (for review, see [4]).
Some time before the rise of Arabidopsis, Gunning et al.
[5] performed a pioneering study of the development of
the minute water fern Azolla. They found that every
division in the cell lineages of the root apex - whether
formative or proliferative, symmetric or asymmetric,
periclinal or anticlinal - was anticipated within a frac-
tion of a micrometre by a preprophase band of micro-
tubules. Misaligned division planes in mutant phenotypes
could therefore be due either to the formation of a per-
fectly good preprophase band in the 'wrong' position -
that is, the preprophase band correctly predicts the
abnormal division plane - or to a failure to form a pre-
prophase band at all. There is, however, a third possibility
that can be dragged out of the cytoskeletal chamber of
horrors. Preprophase bands are not always neat, tight
bands, predicting a single plane of division. Sometimes
they can be broad, as they are when they first develop,
but fail to tighten; double bands have been reported; and
curious three-way, non-planar bands have been seen
which look more like 'Y-fronts' than the typical wedding
band; so, abnormal preprophase bands could accompany
abnormal division planes [6].
Traas et al. [3] have now demonstrated that ton mutants
are unable to form a preprophase band (Fig. 2). In fact,
the wild-type TON gene product appears to be involved
in the organization of both categories of cortical micro-
tubules: the interphase array, as well as the preprophase
band. During interphase in wild-type cells, the cortical
microtubules form an array that is attached to the inner
face of the plasma membrane. There, it is hypothesized,
microtubules influence the direction of cell expansion by
aligning the cellulose microfibrils across the plasma mem-
brane in the cell wall. In meristematic cells of ton
seedlings, the microtubules are randomly arranged and
seem to occur throughout the cytoplasm, instead of
forming a regular array of transverse microtubules at the
cortex, as is normally associated with cell elongation in
wild-type plants. This would account for both the irregu-
lar shape of the cells and the failure of the seedlings to
extend the apical-basal axis. The other two microtubule
Fig. 2. In wild-type Arabidopsis (a), preprophase bands of
microtubules form correctly at the cortex, consistent with the
regular pattern of division planes. In the ton I mutant (b), the
microtubules surrounding the premitotic nucleus fail to form a
circumferential preprophase band at the cortex.
arrays, the mitotic spindle and the cytokinetic phragmo-
plast, are not associated with the cortex in wild-type cells,
and they appear to be normal in ton mutant cells.
The underlying defect in ton cells might therefore be in
the attachment of microtubules to the plasma membrane,
or in the ability of cortical microtubules to associate
side-to-side, or in wall components that stabilize the
cytoplasmic face of the plasma membrane from outside
the cell [7]. Concerning this latter possibility, it is inter-
esting to note that endosperm cells and meiocytes in
wild-type plants also fail to form organized cortical
arrays and preprophase bands. These cells do not have
regular cellulosic walls and, like ton seedlings, do not
form regularly ordered axial tissue. Webb and Gunning
[8] followed microtubules through the early post-fertil-
ization development of Arabidopsis and found that the
preprophase band is suppressed during megasporogenesis
and embryo sac development, but reappears during the
first zygotic division. Traas et al. [3] indicate that TON
genes are switched on and off during development: they
are not necessary for pollen development and are
probably not required for tip growth.
In wound tissue, which could not have been part of any
developmental pre-programme, preprophase bands nev-
ertheless correctly predict cell-division planes. Clearly,
there are external inputs that determine where the band
will form, and if this supracellular information is abnor-
mal then preprophase bands may fail to form - or else
may form in the 'wrong' place, through no fault of their
own. The sequence(s) of FASS/TON will soon be
known, and we should be prepared for the further possi-
bility that the cognate protein has nothing to do with
preprophase bands directly but is perhaps involved in
some distant process that indirectly influences the siting
and formation of the band.
There will be other mutants that will inform us about the
positioning of the preprophase band. For instance, on the
horizon is the maize leaf mutant, tangled-l, which has
normal transverse divisions but in which longitudinal
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divisions are curved or crooked (L.G. Smith, S. Hake and
A.W. Sylvester, unpublished observations). Preliminary
cytoskeletal analysis suggests that tangled-1 cells do form
preprophase bands, but further studies are needed to
decide whether they are ill-formed or improperly posi-
tioned (L.G. Smith, personal communication). Because
the shape of mutant leaves is similar to that of wild-type
leaves, tangled-i provides further indication that organ
form is independent of the shapes of the constituent cells.
"The force that through the green fuse drives the
flower ... blasts the roots"
Dylan Thomas apparently knew that positional infor-
mation transgresses cellular boundaries to affect root and
shoot development. The fass/ton mutants tell us that
whatever specifies the regional differentiation of roots and
shoots does so independently of the packing of cells,
which can be misshapen, in loose conglomerations, or in
supernumary cell layers. Preprophase bands are therefore
not essential for these global aspects of pattern formation.
But what the recent study [3] does not do is suggest that
preprophase bands and organized interphase arrays are
dispensable. On the contrary, regular preprophase bands
and cortical arrays seem to be involved in organized tissue
patterning; the formation of an extended root-shoot axis
with unbroken vascular strands; flat leaves and functional
stomatal complexes; and the ability to change the direc-
tion of cell expansion in response to plant hormones.
The mechanical strength of mutant tissues will be affected
not only by probable changes to the texture of the cellu-
losic wall, but also by the disrupted bonding pattern
between cells. It was recently said that there are about as
many cells in the human liver as in a giant redwood tree,
thereby illustrating that the massive directional cell
expansion which projects leaves and floral organs out into
the environment is a quintessential difference between
plant and animal development. It is this structural aspect
of plant development that is affected byfass/ton.
Perhaps the deeper implication of the Arabidopsis mutants
is that pattern formation is played out at a level tran-
scending the boundaries between individual cells. This
resonates with de Bary's aphorism (see [9] for a thought-
provoking discussion) that "the plant forms the cells, not
cells the plant." Epigenetic forces that might feed back
upon the placement of cell walls in wild-type tissue
include strain patterns, ionic currents and gradients of
morphogens, but the difficulty of designing experiments
in this fuzzy area between the cell and the organism is
likely to delay understanding of how plants form cells.
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